ABSTRACT
INTRODUCTION
Cartilage damage is one of the most challenging medical issues concerning skeleton and muscle, since the tissue is of low capacity for repair and restoration. Despite the progress in orthopedic surgery, the lack of efficient and quality treatment for cartilage defects has shifted researches towards tissue engineering along with using chondrogenic cells, scaffolds, and environmental factors (Vinatier et al. 2009 ). Synthesized and natural scaffolds are among the commonly used scaffolds in tissue engineering. Collagen matrix, fibrin glue, agarose, alginate, hyaluronic acid, chitosan, and cellulose are natural matrices. Polylactic acid, Polyglycolic acid, carbon fibers, Dacron, Teflon, and hydrogel are examples of synthesized matrices (Danisovic et al. 2012 ). Due to biomechanical power and special compounds, the synthesized materials can change according to the changes in the combination of the polymers. However, the main challenge for these materials is this that they are outside the body and lack tissue integrity and satisfactory differentiation. The natural biomaterials do not have these challenges because they are biocompatible and biodegradable. Despite the great progress in the science of material construction based on natural tissues, still very simple biomaterials are used for repairing and restoring cartilage tissue (Benders et al. 2013 ). The ideal properties of a matrix are biocompatibility to prevent the inflammatory reactions to protect the host tissue. The three-dimensional shape allows proliferation and cellular differentiation and porosity and eases migration of cells and diffusion of molecules, nutrients and oxygen. The matrix must also allow cell adhesion to facilitate the implantation of cells in the lesion and maintenance in the implant. It can also be bioactive and allow the homogeneous and controlled release of growth factors or morphogens (Nesic et al. 2006) . Today, tissue engineering has focused on increasing use of biomaterials or advanced natural ECM -based scaffolds that is a very acceptable achievement for repairing the cartilage (Vinatier et al. 2009 ). The decellularized scaffolds that aim at maintaining the microscopic architecture of the structure of natural cartilage may be the key to any effort for repair and restoration of cartilaginous joints (Ye et al. 2013) . During the recent decade, the regenerative medicine and nanotechnology have been extensively developed. In molecular level, using various substances in nanoscale in various fields of regenerative medicine including tissue engineering, cell-based therapy, diagnosis and delivery of genes and drugs have been studied (Peran et al. 2012 ). In the course of endless studies, applying nanostructure materials in repairing various tissues such as heart (Engel et al. 2008) , bone (Pina et al. 2015) , cartilage (Jeon et al. 2013) , skin (Sundaramurthi et al. 2014) , bladder (Chun et al. 2011) , nerves (Yim et al. 2007) , and veins (Li et al. 2014 ) have been reviewed. The majority of chemical and physical methods in nanoscale for nanopatterned geometric engineering have been developed on biocompatible scaffolds (Park and Im 2014) . One of the most promising nanometer-sized cylinders that could imitate nanofibers present in native ECM, are carbon nanotubes (Ng et al. 2012) . Holmes et al. (2014) in their research project showed that the mechanical properties of polycaprolactone synthesized scaffold resulting from electrospinning method are improved in the presence of Carboxylated-SWCNT and chondrogenic adhesion, proliferation and differentiation of the stem cells of bone marrow in such scaffold are increased in comparison with polycaprolactone control scaffolds lacking Carboxylated-SWCNT. Ge et al. (2012) too, have carried out comprehensive research into functional biomaterials in connection with cartilage tissue. They claim that carbon nanotubes shall be placed in this group because they are able to reinforce mechanical capacities of polymeric scaffolds. Efforts for expansion of the application of these biocompatible structures in tissue engineering techniques meant to study the interaction between living cells and montaged nanotubes in the scaffolds and their impacts on cellular behavior including reinforcement of adhesion, proliferation, migration and the performance of cell differentiation are all on the rise (Veetil and Ye 2009 ). The regeneration of rabbit's ear is an epimorphic regeneration which is based on the blastema tissue. This regeneration takes place in the appendices of vertebrates. The blastema tissues is a group of dedifferentiated cells which can divide and differentiate into other cells. The progenitor cells derived from the blastema cells tend to have osteogenic, adipogenic and chondrogenic differentiation potential (Baghaban  Eslaminejad  and  Bordbar  2013) . The blastema ring model of the rabbit ear is a simple and effective model which can be used for tissue engineering studies (Hashemzadeh et al. 2015; Simkin et al. 2015) . With respect to the above findings, the hypothesis of using Carboxylated-SWCNT in improving the capacity of three-dimensional scaffolding of decellularized cartilage for tissue engineering application was introduced and then these reinforced scaffold were assembled with blastema ring to investigate interaction between these scaffolds and the living cells so that they can be used in the studies of cartilage tissues engineering. Therefore, in this study we introduce a technique for montaging Carboxylated-SWCNT with the three-dimensional scaffolds resulting from decellularized bovine articular cartilage (Holstein male calves) and characterization of scaffold.
MATERIALS AND METHODS
Suspension of Carboxylated-SWCNT preparation. Carboxylated-SWCNT coded US4112 were purchased from US Research Nanomaterials Inc., located in Houston, the United States. The purity of the raw material was 99+% and containing carboxyl of 2.73%. The median diameter of the nanotubes was 1.1 nanometer with a length of 5-30 nanometer in black. The Carboxylated-SWCNT solution was prepared by adding 100 microgram/ml of nanotube deionized in water. The resulting solution underwent sonication for 10 minutes by electrosonicator (Soniprep 150 Plus, MSC Company, UK) and then centrifuged (Sigma, Germany) ( Chen and Hsiue 2013) at 5000 r/m for 10 minutes.
Articular cartilage preparation and decellularization. The joint bovine articular cartilage (6-8 month old, Holstein male calves) were taken immediately after slaughtering. Then 2 x 2 mm cylindrical pieces were separated by metal puncher (Fig. 1) . In physical phase, the samples were rinsed for several times by phosphate buffer (pH=7.2) and placed for 2 minutes in liquid nitrogen, followed by frosting samples in distilled water and then phosphate buffer was melted at room at 20-25 cº for 10 minutes. The last step was repeated for 5 times. In chemical phase, the samples were treated at an Sodium Dodecyl Sulfate (SDS) density of 2.5% for 3 hours at room at 20-25 cº (Tavassoli et al. 2012) . Finally, the cartilage pieces were rinsed with phosphate buffer for 30 minutes. Then, in order to eliminate SDS and maintain the remaining water in the samples, the cartilage pieces were placed in Sterile Buchner Funnel (Ilmabop, Germany) and rinsed with ethanol 75%, distilled water, and phosphate buffer respectively. Decellularized Scaffolds Reinforced by Carboxylated-SWCNT. The decellularized scaffolds of the bovine articular cartilage were grouped in two: group (i) comprised of decellularized scaffolds without Carboxylated-SWCNT, and group (ii) comprised of scaffolds floated inside a 100 ml Erlenmeyer Flask of Carboxylated-SWCNT homogenous suspension with a density of 100 microgram/ml and then were placed for 24 hours inside an incubator shaker of 150 r/m at a temperature of 37 degrees centigrade (New Brunswick Scientific Co., Inc. USA). The carboxylated carbon layers floating homogenously in the suspension had stuck to the decellularized scaffolds and the surfaces were fully covered by carbon nanotubes (Fig. 1) .
Punch-hole procedure. Five male New Zealand white rabbits were provided from Razi Institute of Mashhad, each one weighing 2500±100 g and aged about 2-3 month. The organ of focus in this study was the pinna. Special punching devices were used for punch. The hairs of the area were shaved and disinfected by ethanol (70%). The rabbits then, were anesthetized by intramuscular injection of anesthetics including a mixture of ketamine 10% (Alfasan, Woerden, Holland) (1ml/kg body weight) and xylazine 2% (Alfasan, Woerden, Holland) (0.5 ml/kg body weight). After that, the punch of the pinna was performed in the medial region of the ear, between the central arteries and peripheral veins, each hole with a diameter of 4 mm. Two days after the primary punch, the tissue around the punched holes was biopsied by a special gadget with a diameter of 5 mm.
Fabrication of Reinforced scaffolds and blastema ring. The biopsy materials (rings)
were washed seven times with sterile normal saline and immediately were fabricated by reinforced scaffolds under strile conditions (Fig. 2) .The assembled specimens were resuspended in culture medium containing DMEM (Gibco,Waltham, MA) supplemented with 15% fetal bovine serum (Sigma, St. Louis,MO), penicillin/streptomycin (1 μg/ml) and fungizone (0.06 μl/ml). In this way, the Blastema rings were cultured for 15 days. The medium was refreshed three times a week and the specimens were reseeded in the six-well plates. Scanning electron microscopy. Scaffolds with and without nanotubes and assembled specimens were fixed for 24 hours with glutaraldehydes 2.5% (TAAB Laboratories, UK). Then they were rinsed in sodium cacodylate buffer with molar ratio of 0.1 (PH=7.2, TAAB Laboratories, UK). Then the samples were treated with 1% osmium tetroxide, rinsed for an hour more in 0.1 molar sodium cacodylate buffer and dehydrated in descending degrees of absolute ethanol (Merck Company) ( Shahabipour et al. 2013) . Then the scaffolds were fixed on metal stubs and coated with gold-palladium by sputtering (Sputter Coater, SC7620, East Sussex, UK) and were studied by scanning electron microscopy (LEO 145oup, Germany).
Transmission electron microscopy. Scaffolds with and without nanotubes were immediately fixed in glutaraldehyde 2.5 percent solution for 30 minutes at room at 20-25 cº and then kept for 24 hours in the refrigerator. Then the samples were rinsed with phosphate buffer (pH=7.2) for 18 minutes. Then, fixation in 2% osmium tetroxide was carried out for two hours at room at 20-25 cº . The samples were immediately rinsed for once in phosphate buffer and two times in deionized water. The dehydration stages were carried out for three times completely at different densities of ethanol solution (Merk, Darmstadt, Germany) 70% (5 to 7 minutes), 95% (7 to 10 minutes), and 100% three times (each time 5 minutes) ( Hashemzadeh et al. 2015) . After full passage of the samples and their placement in resin in 60 degrees centigrade for two days, the blocks were first trimmed and sectioning was then carried out by Ultra microtome. Then the samples were stained with 5% lead citrate and 3% uranyl acetate and prepared for electron microscopy studies (LEO 912AB).
Atomic force microscopy. Surface topography and roughness (Sq) a sample scaffolds with and without nanotubes and the intact cartilage were stationed on leg of the unit and were studied by atomic force microscopy (AFM model, Ara Research Company, Iran).
Fourier transform infrared Analysis. The raw Carboxylated-SWCNT powder and the powder resulting from the scaffolds with and without carbon nanotubes that were dried up at room at 20-25 cº were mixed with potassium bromide (Merck Company, 
RESULTS
Fluorescent and Optical Microscopic observations. In order to study the full process of decellularization in scaffolds of the groups with and without nanotubes, and also for microscopic observation of carbon nanotubes staining with DAPI, H&A and toluidine blue was carried out. In staining with DAPI, in the healthy cartilage structure, due to its bond with a narrow line of DNA, two double-stranded DNA arrays in rich area of A-T in the presence of UV light with fluorescent microscope were expected to show DNA in chondrocyte nucleus (Fig. 3 A) . Lack of these bright spots in the image indicates full decellularization in the scaffolds (Fig. 3 B) . In H&E and toluidine blue staining, too, lacunas lacking cells in the scaffolds of both groups with and without nanotubes were observed (Fig. 4) . In the scaffolds of both groups the adhesion of carbon nanotubes to the surface of the scaffolds were seen but penetration of nanotubes into the scaffolds was negative (Fig. 4) . Scanning electron microscopy observations. In the scaffolds without carbon nanotubes, cell-free lacunal and regular dispersion of collagen strands on the surface of scaffolds are seen (Fig. 5 A&B) . In the scaffolds with carbon nanotubes regular dispersion of carbon nanotubes on the surface of scaffolds are observable (Fig. 5 C&D) . belastema cell migration, attachment and viability. SEM microscopic imaging was conducted on the assembled specimens of fifteenth day of the culture. In these investigation were observed the migration, attachment and viability of the blastema cells (Fig. 6 ) Transmission electron microscopy observations. TEM observation showed the adhesion of Carboxylated-SWCNT to the surface of decellularized group (ii) scaffolds. In this study, the penetration of Carboxylated-SWCNT into the ECM structure was not observed. In these observations the structural elements of cartilage matrix such as proteoglycan were observable (Fig. 7) . Atomic Force Microscopy observations. The topographic changes and roughness were compared between the intact cartilage and the scaffolds with and without carbon nanotubes. The dispersion of carbon nanotubes on the surface of scaffolds with nanotubes changed surface topography and roughness. In the intact cartilage and the scaffolds of a group with nanotubes, more surface incongruity was observed in comparison with scaffolds lacking carbon nanotubes (Fig. 8) . The mean roughness value (Ra) which was calculated with the help of AFM images is shown in Table 1 .
The intact cartilage and the scaffolds with carbon nanotubes exhibited a higher degree of roughness than the scaffolds without carbon nanotubes. (Fig. 9 A) . The scaffolds of group without nanotubes had similar peaks with intact cartilage that shows the presence of collagen strands and proteoglycan in decellularized scaffolds. The scaffolds of the group with nanotubes had more absorption in comparison with the group without nanotubes and the created peak in areas with wavelength of 1236 and 1451 in the curve related to the scaffolds with nanotubes can show the presence of adhesion between the carbon nanotubes and the constituent elements of decellularized scaffolds (Fig. 9 B) . Porosity Rate, Pore Size and Lacuna Area on the Scaffold. The average porosity rate, size of pores and the lacuna area in the scaffolds with and without nanotubes have been presented in Table 2 . After statistical analysis, using SPSS software and comparing the median data by using Tukey's Test and considering the minimum significance level of p≤0.5 it was made clear that the porosity rate, pore size and lacuna area in the scaffolds with and without carbon nanotubes had no significant difference. 
DISCUSSION
The increasing demand by organizations and shortage of appropriate implants have led to the many developments in tissue engineering and regenerative medicine, particularly in scaffold design (Hopley et al. 2014) . Recently, nonmaterial's have become innovative candidates for producing scaffolds that are able to copy natural ECM nanostructures for effective replacement of cartilage defect (Zhao et al. 2013 ). Nanotubes are reliable additives for the synthetic scaffolds that have entered into the regenerative medicine (Hopley et al. 2014) . Compared to other studies dealing with characterization, synthesis and applications of nanotubes, to date, only a few reports have been investigated the different CNTs effects on the cell morphology and the protein structure, and these reports seem to be conflicting (Zeinabad et al. 2016 ). In contrast, many investigations reported CNT stimulated negligible risk of cytotoxicity . Nanotubes have already been used in endless structures such as collagen, polystyrene, polycarbonate urethane, poly-l-lactide. Previous studies showed that although the scaffolds made only with these polymers are porous, they lack required quality and compound for implantation (Meng et al. 2009 ). Carbon nanotubes have been also used in polymer scaffolds and hydrogels (Hopley et al. 2014) . Also synthetic solid scaffolds, despite superiority in chemical and mechanical properties, absorbability in comparison with hydrogel scaffolds, due to reduced cell interaction and biological interactions of the scaffold-cell that ends in constant changes of polymer scaffolds during various tests, has been limited (Izadifar et al. 2012) . (Zhao et al. 2013 ). The entry of nanotubes inside the scaffold causes structural and chemical reinforcement of scaffold such as flexibility and solidity, improved compatibility, reduced multiplication of cancerous cells and induction of angiogenesis (Hopley et al. 2014) . In this project, after decellularization of the scaffolds the general structure of the tissue and collagen fiber array had been maintained well. SEM studies demonstrated the microstructure of the decellularized scaffold with an interconnected composition. This structural composition facilitated (Fig. 5A,B) . FT-IR analysis showed that in the decellularized scaffold of articular cartilage the major components sach as collagen 2 and proteoglycan were maintained (Fig. 9B) . After immersion of decellularized scaffold in homogenous suspension of carbon nanotubes, these compounds were expected to penetrate into the structure of decellularized cartilage, but TEM analysis showed that they were placed on the surface of the decellularized scaffold. The intertwined status of collagen strands and concentration of negative loads on the structure of cartilage tissue can be one reason for the above lodgement. Changing the technique of smearing the decellularized scaffold with carbon nanotubes or functionalization of the nanotubes with other functional groups may improve their penetration, although it needs more studies. However, attachment of the carbon nanotubes to the surface could provide bio-nanocomposite scaffold that can be used in vitro studies on adhesion and cellular performance. According to other research Carbon nanotubes can become adhesive when their surface chemistry is modified (Rose et al. 2013 ). The nanotubes Can affect the cells and the cell morphology alter through the nanostructured surface. thus CNT-based surfaces provide a very good scaffold that can be used to stimulate the formation of cartilage tissue (Sutherland et al. 2015 and Trzeciak et al. 2016 ). We tried to keep natural structure of decellularized cartilage intact and put it close to nanotubes in such an environment. Carboxylated-SWCNT in comparison with multi-wall nanotubes have more power to help proliferation of chondrocytes (Hopley et al. 2014) . In this project, we used Carboxylated-SWCNT. The penetration of the carbon nanotubes into polymers is not free from complexity, because nanotubes are naturally neutral chemically and have weak dispersion in various solutions. FT-IR analysis showed that attachment has been made between Carboxylated-SWCNT and the decellularized scaffolds. There is the possibility of carboxyl groups' involvement in this attachment. studied potentials of carbon nanotubes in the interaction with collagen fibrils as scaffold in engineering of various tissues. Collagen, as one of the major components of ECM causes durability against tension and proportion of load on the tissue (Zelenski et al. 2015) . It seems that juxtaposition of carbon nanotubes with collagen has the potential to improve the electrical and mechanical properties of this biomaterial. Creating structural changes in the nanotubes and various covalent bond with various matrix elements were studied by Veetil and Ye (2009) for discovering the closest synthesized structure to the natural tissue. With the creation of covalent bond between nanotubes and ECM elements such as collagen, creates tissue correlation that is influential in the durability of the scaffold. Carbon nanotubes with high level and hardness create a surface like collagen strands that are available in natural tissues . Due to the capability of nanotubes that structurally copy collagen fibers, it has been proven that they are useful in boosting cell attachment, proliferation and differentiation (Zhang et al. 2008; Ross et al. 2012) . In tissue engineering the three-dimensional scaffolds usually exert biological and mechanical impacts on the cells (Zhao et al. 2013) . During their tests, Lin et al. (2011) found out that mesenchymal stem cells of mice on nanocomposite scaffolds of PLGA/C-MWCNT showed higher adhesion and viability in comparison with polyester scaffolds in 21 days of culture. Lee et al. (2015) in a study proved that synthetic scaffolds based on Carboxylated-SWCNT showed no toxicity while these scaffolds boost proliferation and differentiation of the mesenchymal stem cells taken from the rats. Under in vivo conditions the celled are placed in the three-dimensional microenvironments surrounded by other cells and extracellular matrices. Elements such as collagen, elastin and laminine that have been organized in nanostructures, regulate the homeostasis of the cells by bioactive motifs (Li et al. 2014) . Das and Zouani (2014) carried out extensive studies on the powerful influence of nanoscale topography on cellular behavior such as cellular bonds, dispersion or cytoskeleton organization and even regulating gene expression. Bettinger et al. (2009) proved that collagen-rich nanostructure bone and hydroxyapatite natural ECM take part in cell matrix signaling. Topographic signs in micro or Nano-dimension are among the preliminary mediators for surface absorption of proteins from the surrounding environment that mediate the process of cell attachment (Oliveira et al. 2014) . Controlling these properties can improve cell behavior. Designing special patterns and surface fissures can associate structural cellular model or arraying that changes the cytoskeleton contraction capacity, that is a key to cellular differentiation. Designing surface components and surface engineering techniques have been studied extensively . Therefore, with respect to the importance of surface topographical changes in the scaffolds in cellular behavior, AFM was carried out. AFM analysis showed surface topographic change in the scaffolds with nanotubes in comparison with scaffolds without nanotubes (Fig. 8) . Surface roughness was found to be higher in the intact cartilage and the scaffolds with nanotubes in comparison to scaffolds without nanotubes (Table 1 ). In the natural cartilage, the surface layer of articular cartilage was very incongruous in terms of microscopy and this structure was due to special dispersion of the collagen fibers. On the other hand, the surface topography of viable articular cartilage too, is flexible and changes under stress or pressure. In the damaged cartilage this topography changes completely and affects the way of dispersion of collagen fibers (Wen et al. 2012) . According to the results of AFM analysis it seems that attachment of the carbon nanotubes to the surface is effective is simulation of this surface as a viable articular cartilage and accordingly boosting its resistance against stress. The porosity rate, pore size and lacuna area despite dispersion of carbon nanotubes on the surface of the scaffolds in two groups did not show significant meaning. All three factors are important in tissue engineering of the cartilages. The porosity rate in the scaffolds of group (ii) has been maintained in high level due to carbon nanotubes. Despite excellent mechanical, thermal and conductive properties carbon nanotubes are very porous and light and the pores in SWCNT are usually less than one nanometer in diameter (Jagtoyen et al. 2000) . Therefore, the presence of these compounds has not reduced the porosity rate in viable decellularized scaffold. This can lead us to access to a scaffold with ideal specifications. Various parameters on designing scaffold include size and geometry of pores, their distribution, as well as the diameter and distance of fibers. The size of fibers in the scaffolds affect cellular activity and thicker fibers impose negative impact on cellular activity due to creating more two-dimensional level for each cell (Izadifar et al. 2012 ). In the scaffold resulting from decellularization of articular cartilage, we have a viable ECM that their number, geometry of pores and diameter of fibers, distance and their state of positioning along with many important parameters that are considered in designing synthetic scaffolds have the maximum compatibility with the viable tissue of cartilage and this can help us in access to the goal of optimized tissue engineering of cartilage. The cartilage of rabbit's ear has been used to study the regeneration process of perichondrium . Due to their unique characteristics and the chondrogenic tendency of blastema cells as an in vitro model this research project has investigated the interaction between the reinforced scaffold and the blastema cells. In order to maximize the adhesion of the scaffold to the ring, we assembled the decellularized scaffold on to the blastema ring to optimize the scaffold attachment to the ring (Fig.  2) . The assembled scaffold which had been in culture media for fifteen days was evaluated through SEM electronic microscope. According to SEM microscopic analyses, it was observed that there were cells which were migrating in different phases such as isolated round cells, some cells with cytoplasmic filopodia and Spindle shaped cells which were attached to the scaffold surface reveal phenotypic manifestation to the chondrocyte (Fig. 6 ). These cells eventually were influenced by the elements within the decellularized scaffolds. They also displayed the morphologic traits of chondrocytes. This phenomenon confirmed the regulatory and instructional role of the decellularized reinforced scaffold on cellular behavior and biocompatibility of carbon nanotubes which has received attention in other researches (Place et 
CONCLUSION
This project introduced a technique for montage of Carboxylated-SWCNT on decellularized scaffold of articular cartilage for engineering applications of the cartilage tissue. Histological and microscopic surveys showed that in the decellularized scaffold of articular cartilage the main components sach as collagen 2 and proteoglycans were preserved. This composition can be used as a useful model in fundamental researches of regenerative medicine. This reinforced scaffold can support the adhesion and survival of blastema cells. Apparently, the blastema cells which are attached to this decellularized reinforced scaffold can be used in engineering researches of cartilage tissue. Further studies are recommended to perform gene expression analysis about cells penetrating to scaffold. Further supplementary studies in in vivo circumstances are also recommended. In this project, nanotubes as useful additives for decellularized scaffolds, could affect the surface topography of the scaffold. Scaffold designing for optimization of the complicated tissue is still under study and exploration. This is, more than anything else, due to complexity of the scaffolds since they have to copy the viable ECM. Studying mechanical properties of the scaffolds with and without Carboxylated-SWCNT such as their resistance against pressure, tension is proposed. More studies are need to find out the impact of carbon nanotubes on the regenerative and restorative capacity of the scaffolds in animal models.
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